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Contributions of enriched cereal-grain products, ready-to-eat cereals, and
supplements to folic acid and vitamin B-12 usual intake and folate and
vitamin B-12 status in US children: National Health and Nutrition
Examination Survey (NHANES), 2003–2006
Abstract
Background: US children consume folic acid from multiple sources. These sources may contribute differently
to usual intakes above the age-specific tolerable upper intake level (UL) for folic acid and to folate and vitamin
B-12 status. Objective: We estimated usual daily folic acid intakes above the UL and adjusted serum and red
blood cell folate, serum vitamin B-12, homocysteine, and methylmalonic acid (MMA) concentrations in US
children by age group and by the following 3 major folic acid intake sources: enriched cereal-grain products
(ECGP), ready-to-eat cereals (RTE), and supplements containing folic acid (SUP). Design: We analyzed data
in 4 groups of children aged 1-3, 4-8, 9-13, and 14-18 y from the National Health and Nutrition Examination
Survey (NHANES), 2003-2006 (n = 7161). Results: A total of 19-48% of children consumed folic acid from
ECGP only. Intakes above the UL varied from 0-0.1% of children who consumed ECGP only to 15-78% of
children who consumed ECGP+RTE+SUP. In children aged 1-8 y, 99-100% of those who consumed >200 ug
folic acid/d from supplements exceeded their UL. Although <0.5% of children had folate deficiency or low
vitamin B-12 status, the consumption of RTE or SUP with folic acid was associated with higher mean folate
and vitamin B-12 concentrations and, in some older children, with lower homocysteine and MMA
concentrations. Conclusions: Our data suggest that the majority of US children consume more than one
source of folic acid. Postfortification, the consumption of RTE or SUP increases usual daily intakes and blood
concentrations of folate and vitamin B-12.
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ABSTRACT
Background: US children consume folic acid from multiple sour-
ces. These sources may contribute differently to usual intakes above
the age-specific tolerable upper intake level (UL) for folic acid and
to folate and vitamin B-12 status.
Objective: We estimated usual daily folic acid intakes above the
UL and adjusted serum and red blood cell folate, serum vitamin B-
12, homocysteine, and methylmalonic acid (MMA) concentrations
in US children by age group and by the following 3 major folic acid
intake sources: enriched cereal-grain products (ECGP), ready-to-eat
cereals (RTE), and supplements containing folic acid (SUP).
Design:We analyzed data in 4 groups of children aged 1–3, 4–8, 9–
13, and 14–18 y from the National Health and Nutrition Examina-
tion Survey (NHANES), 2003–2006 (n = 7161).
Results: A total of 19–48% of children consumed folic acid from
ECGP only. Intakes above the UL varied from 0–0.1% of children
who consumed ECGP only to 15–78% of children who consumed
ECGP+RTE+SUP. In children aged 1–8 y, 99–100% of those who
consumed 200 lg folic acid/d from supplements exceeded their
UL. Although ,0.5% of children had folate deficiency or low vi-
tamin B-12 status, the consumption of RTE or SUP with folic acid
was associated with higher mean folate and vitamin B-12 concen-
trations and, in some older children, with lower homocysteine and
MMA concentrations.
Conclusions: Our data suggest that the majority of US children
consume more than one source of folic acid. Postfortification, the
consumption of RTE or SUP increases usual daily intakes and blood
concentrations of folate and vitamin B-12. Am J Clin Nutr
2011;93:172–85.
INTRODUCTION
In 1996 the Food and Drug Administration mandated that all
enriched cereal-grain products (ECGP) be fortified with 140 lg
folic acid/100 g flour to prevent the occurrence of neural tube
defects or incomplete closure of the neural tube during em-
bryologic development (1). Children who survive with these
defects often have lifelong problems with paralysis and mobility,
urinary and bowel function, and hydrocephalus (2).
In 1998, the Institute of Medicine (IOM) established a toler-
able upper intake level (UL) for folic acid for adults (1000 lg
folic acid/d) based on the possibility that higher intakes of folic
acid might be neurotoxic to older individuals with severe vita-
min B-12 deficiency and used the adult UL to extrapolate 4 age-
specific folic acid ULs for children aged 1–18 y on the basis of
body weight (3). Some authors have questioned how to interpret
children’s ULs (4, 5).
During the postfortification era, the US population consumes
folic acid from different dietary sources, ECGP, ready-to-eat cereals
(RTE), and supplements containing folic acid (SUP). Previous
studies have documented intakes of folic acid in children and
adolescents, including recent studies that estimated the percentages
of children aged 1–13 and 14–18 y whose intakes exceeded their
age-specific ULs; however, none of the studies examined the re-
lation between consumption of ECGP alone and the usual daily
intake of folic acid in the postfortification era (6–14). Because the
quantity of folic acid per serving in a number of RTE products is
equivalent to that in supplements, it is important to separate the folic
acid intake fromRTE from the intake from ECGP in fortified foods.
It is also important to separate the folic acid intake from foods from
consumption of SUP to gain a better understanding of how different
sources of folic acid relate to the percentages of children who
exceed the age-specific ULs for folic acid.
In this study, we present estimates of usual daily intakes of
natural food folate, folic acid, total folate, and vitamin B-12 in US
children by age group and the proportions of US children whose
usual daily intakes of folic acid exceeded their age-specific ULs
by consumption of different sources of folic acid.We report blood
folate and serum vitamin B-12 concentrations and assess the
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percentages of children with folate deficiency, low vitamin B-12
status, and marginally low folate and vitamin B-12 status by
sources of folic acid (3).
SUBJECTS AND METHODS
Study population
Data were obtained from the National Health and Nutrition
Examination Survey (NHANES), which was a stratified multi-
stage probability survey designed to represent the civilian,
noninstitutionalized US population. Data for NHANES were
collected by the National Center for Health Statistics at the
Centers for Disease Control and Prevention via household
interviews and physical examinations. Detailed information re-
garding NHANES is available elsewhere (15, 16). The survey
was reviewed and approved by the National Center for Health
Statistics ethics review board, and participants or their proxies
provided written informed consent before participation.
Intakes of natural food folate, folic acid, total folate, and
vitamin B-12
To calculate nutrient intakes, we used information reported by
the child participants or their proxy on the child’s dietary intake
of foods and supplements in NHANES 2003–2006. Dietary in-
take of foods were reported by a proxy in children aged,6 y, by
the participant assisted by a proxy in children aged 6–11 y, and
by the participant in children aged 12 y. Intakes of foods in the
previous 24 h were collected in person in the mobile medical
examination center (MEC) (day 1) and by telephone 3–10 d later
(day 2) by using the US Department of Agriculture Automated
Multi-Pass Method described in detail elsewhere (17). For
NHANES 2003–2006, intakes of nutrients [ie, natural food fo-
late, folic acid, total folate, and vitamin B-12 (vitamin B-12
includes intakes from natural and synthetic sources)] from foods
were estimated by using the most current US Department of
Agriculture Food and Nutrient Databases for Dietary Studies
(versions 2 and 3) (18, 19).
During the household interviews before coming to the MEC,
participants or proxies were asked about their use of dietary
supplements during the past 30 d. The age requiring a proxy to
answer or assist the child in answering the questions about
supplements was different from that for the 24-h dietary recall.
Supplement data were reported by a proxy if the participant was
aged 16 y. For each supplement, participants or proxies were
asked about the number of days of consumption and the amount
consumed per day. Interviewers recorded the name of each
product from the label if available or, if not available, from the
participant report. After the interview, trained nutritionists
matched product names to known dietary supplements. Label
information was recorded for each product, including the in-
gredients, amount of each ingredient (nutrient dose) in a serving,
the unit for that amount (eg, lg or mg), and the number of units
(eg, tablets or oz) in a serving (serving-size quantity). Missing or
unknown information was replaced by default values as de-
scribed in the NHANES documentation for each survey (20, 21).
Participants were classified as consumers of SUP if they or their
proxy reported participant consumption of any SUP during the
past 30 d. For each individual, a nutrient intake per supplement
was estimated from the ingredient unit for the supplement, the
amount of the supplement consumed on each consumption day
divided by the amount in one serving (serving-size quantity), the
nutrient dose in one serving, and the number of days that the
supplement was consumed in the past 30 d. The nutrient amount
consumed (folic acid or vitamin B-12) from each supplement
that contained the nutrient was then summed across all supple-
ments consumed by the participant over the past 30 d and di-
vided by 30 to yield the average daily intake of the specified
supplemental nutrient.
The total daily intake of the nutrient (ie, folic acid, folate, or
vitamin B-12) was calculated by adding the usual daily intake of
the nutrient from foods to the average daily intake of the nutrient
from supplements. Folic acid intakewas defined as the consumption
of folic acid added to foods plus folic acid in supplements. Natural
food folate intake was defined as the consumption of folate that
naturally occurred in foods (eg, in spinach or broccoli). Total folate
intake was the overall term used for consumption of natural food
folate and folic acid combined.
Intakes of folic acid from fortified food and supplements were
expressed in micrograms of folic acid. Intakes of natural food
folate and total folate were expressed in micrograms of dietary
folate equivalents (DFE). Total folate was defined as micrograms
of natural food folate intake plus (1.7 · micrograms of folic acid
intake) (3). Vitamin B-12 intake included natural and added
vitamin B-12 in foods and added vitamin B-12 in supplements.
Biochemical measurements of folate and vitamin B-12
status
Serum folate, red blood cell (RBC) folate, and serum vitamin
B-12 concentrations were measured by a Quantaphase II
radioassay (Bio-Rad Laboratories, Hercules, CA). The long-term
CVs for NHANES 2003–2006 were 4–7% for serum folate
concentrations, 4–6% for RBC folate concentrations, and 3–6%
for serum vitamin B-12 concentrations (22). Plasma homo-
cysteine concentrations were measured by a fully automated
fluorescence polarization immunoassay on the Abbott AxSym
system (Abbott Laboratories, Abbott Park, IL) from 2003–2006
(23, 24). Plasma methylmalonic acid (MMA) concentrations
were measured by gas chromatography–mass spectrometry with
cyclohexanol derivatization (23). Long-term CVs for NHANES
2003–2004 were 3–5% for plasma total homocysteine concen-
trations and 4–11% for plasma MMA concentrations.
We defined folate deficiency as serum folate concentrations
,2 ng/mL or RBC folate concentrations ,95 ng/mL and low
vitamin B-12 status as serum vitamin B-12 concentrations
,200 pg/mL (25). We arbitrarily defined marginally low folate
status as serum folate concentrations ,3 ng/mL or RBC folate
concentrations ,140 ng/mL and marginally low vitamin B-12
status as serum vitamin B-12 concentrations ,350 pg/mL.
Although not considered to indicate deficiency, the marginally
low status can indicate the need for further investigation of folate
and vitamin B-12 status with homocysteine and MMA (3, 26).
Folic acid–consumption groups
To classify children into folic acid–consumption groups, we
first classified children according to their consumption of RTE
that contained folic acid. The individual food file for each 24-h
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dietary recall contains the estimated nutrient consumption for
every food reported by every participant. From these files, we
selected participants with reported consumption of at least one
food coded as an RTE (food codes 57000000–57418000). Par-
ticipants with reported consumption of an RTE that contained
folic acid on either day of the two 24-h dietary recalls were
classified as consumers of RTE with folic acid. Participants who
did not report consumption of an RTE with folic acid on the first
and second day of the two 24-h dietary recalls were considered
nonconsumers of RTE.
We classified children into 4 mutually exclusive folic acid–
consumption groups: group 1 was the ECGP only group (children
who consumed fortified foods, excluding children who consumed
folic acid from RTE and supplements), group 2 was the ECGP+
RTE group (children who consumed ECGP plus RTE, excluding
children who consumed folic acid from supplements), group 3
was the ECGP+SUP group [children who consumed ECGP
(excluding RTE consumers) plus SUP], and group 4 was the
ECGP+RTE+SUP group. Children in groups 2 and 4 consumed
RTE with folic acid; children in groups 3 and 4 consumed SUP.
Covariates
Questionnaire information included sex, age, and race-
ethnicity. We defined 4 age groups of US children aged 1–3, 4–8,
9–13, and 14–18 y to match the age groups used by the IOM (3).
Race-ethnicity was reported by participants or proxies on the
basis of a list that included an open-ended response. Adolescents
(aged 12–19 y), low-income whites, non-Hispanic blacks, and
Mexican Americans were oversampled in NHANES. For this
analysis, the race-ethnicity category was limited to non-Hispanic
whites, non-Hispanic blacks, and Mexican Americans. Sample
sizes for other race-ethnicity groups were too small for mean-
ingful analysis. The day of the week was defined as the day of the
week on which the 24-h dietary recall was collected, and the
interview method was either in person or by phone.
Study sample
The nonpregnant US population aged 1–18 y from NHANES
2003–2004 and 2005–2006 were selected for this study. The
overall unweighted interview rates for children aged 1–19 y in
NHANES 2003–2004 and 2005–2006 were 84–90% (27, 28). Of
all males and nonpregnant females (variable name RIDEXPRG
not equal to 1) aged 1–18 y who were interviewed (n = 8817) and
attended the MEC (n = 8494), we included only the subsample
of participants who had two 24-h dietary recalls with complete
information on dietary intake and were not being breastfed
(variable name DR1DRSTZ = 1 and DR2DRSTZ = 1) (n =
7178). We excluded an additional 6 children who had in-
complete information on the use of SUP and 11 participants with
extreme intakes of folic acid from supplements (eg, reported
taking 29 SUP daily for the prior 30 d and had folate biomarkers
within the normal range). This left 7161 (81% of interviewed,
unweighted) participants for analyses of total nutrient intake.
Compared with interviewed children who were excluded be-
cause of incomplete dietary data (n = 1656), children included in
our analyses were more likely to be older (geometric mean 6
SE age: 7.96 0.1 compared with 6.36 0.2 y) and non-Hispanic
white (62% compared with 54%; P = 0.01, chi-square test), but
they did not differ in distributions of sex (P = 0.11) or use of
SUP (P = 0.09). In the analyses above, we used 4-y combined
interview weights (variable name WTINT2YR/2) and SAS (re-
lease 9.2; SAS Institute, Cary, NC) and SUDAAN statistical
software (release 9.0; Research Triangle Institute, Research
Triangle Park, NC) to account for the complex sampling design.
For analyses of blood folate and serum vitamin B-12 con-
centrations, we excluded an additional 1266 participants who had
missing information on serum folate, RBC folate, or serum vi-
tamin B-12 concentrations, which left 5895 children for bio-
marker analyses. The volume of blood collected did not vary by
sex but did increase with age until children were aged 12 y.
Assays were prioritized, and assays with lower priorities were
likely missing in younger age groups. Compared with children
who were excluded from our analyses, children who were in-
cluded in the analyses were older (weighted geometric mean 6
SE age: 8.46 0.2 compared with 5.06 0.2 y; P,0.0001, t test)
and were less likely to be female (weighted percentage: 47.2%
compared with 52.5%; P = 0.04, chi-square test). Compared
with children who were excluded from the analyses, usual in-
takes of natural food folate, folic acid, and total folate did not
differ significantly within age groups, with the exception of in
children aged 4–8 y. In children aged 4–8 y, children included in
our sample (ie, with serum biomarkers) had significantly higher
usual intakes of folic acid (346 compared with 282 lg folic
acid/d; P = 0.003, z test) and total folate (734 compared with
617 lg DFE/d; P = 0.003, z test) but not natural food folate (P =
0.29). The 2 groups of children did not differ in race-ethnicity or
in the proportions of children in each folic acid–consumption
group (P . 0.05, data not shown).
We also analyzed homocysteine and MMA concentrations.
Homocysteine is a functional indicator of folate and vitamin B-12
status, and its concentrations are raised in folate and vitamin B-12
deficiency; MMA is a functional indicator of vitamin B-12 status
and its concentrations are increased in vitamin B-12 deficiency.
Homocysteine and MMA concentrations were not analyzed in
NHANES 2005–2006; thus, this analysis only included partic-
ipants in NHANES 2003–2004 (n = 2541). Because MMA was
only measured in children aged 3 y, we excluded children aged
,4 y to make the age groups comparable for all analyses. Our
analysis of NHANES 2003–2004 included homocysteine and
MMA concentrations from 2436 participants aged 4–18 y.
Statistical analyses
We estimated distributions [eg, medians (interquartile ranges
[IQRs])] of usual daily intakes of natural food folate (in lg DFE),
folic acid, total folate (in lg DFE), and vitamin B-12 and the
prevalence of folic acid consumption that exceeded the age-
specific UL by folic acid–consumption group for all children by
sex, race-ethnicity, and age group and in children aged 9–13 and
14–18 y by sex. We used data from two 24-h dietary recalls with
statistical software [PC-SIDE (Software for Intake Distribution
Estimation) version 1.02, 2003; Department of Statistics, Iowa
State University, Ames, IA] that fits a measurement error model
to estimate usual intakes. Data from a single 24-h dietary recall
or from the mean of two 24-h recalls does not account for within
individual day-to-day variation in diet and may bias the esti-
mates of the proportion of individuals above or below a certain
nutrient intake (29, 30). The PC-SIDE software (version 1.02,
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2003; Department of Statistics, Iowa State University) selects
the best transformation to normalize the data, adjusts the intake
distribution for nuisance variables such as age, race-ethnicity, or
day of the week, and accounts for within and between individual
variations in nutrient intake. In our analyses, we adjusted dis-
tributions for age, sex, race-ethnicity, day of the week, and in-
terview method. The day-to-day variance in daily intakes of
folic acid, total folate, and vitamin B-12 in the second exposure
group of children (ECGP+RTE) was much larger than the
between-person variance because of a few children with unusual
intake patterns. In these cases only, we proceeded as in the study
by Jahns et al (31) and estimated the within-person variance in
each sex, race-ethnicity, age group, and within the 2 older age
groups by sex by combining the sample-based estimate with an
estimate obtained from all children in exposure group 2 (not
disaggregating by age or race-ethnicity). SEs were estimated
with a set of 60 jackknife repeated replication weights with the
PC-SIDE software (version 1.02, 2003; Department of Statistics,
Iowa State University) (29) on the basis of 4-y combined 2-d
dietary sampling weights (variable name WTDR2D/2). We ex-
amined the statistical significance of differences in adjusted
mean intakes (from the PC-SIDE software, version 1.02, 2003;
Department of Statistics, Iowa State University) by folic acid–
consumption group by using a z test. We also examined the
cumulative distribution of usual daily intakes of folic acid for
US children who consumed 1) no SUP, 2) 200 lg folic acid/d
from supplements, and 3) .200 lg folic acid/d from supple-
ments by age groups. Because common brands of children’s
vitamins contain between 200–400 lg folic acid, we chose the
lowest amount of 200 lg folic acid as the cutoff.
With the use of SUDAAN software to account for the complex
sampling design, we estimated proportions and 95% CIs of US
children in each folic acid–consumption group for all children
and by sex, race-ethnicity, and age group and within the 2 older
age groups by sex. Statistical differences by sociodemographic
characteristics in the distributions of folic acid–consumption
group were based on chi-square tests.
Because the distributions of folate and vitamin B-12 con-
centrations were skewed, we transformed the concentrations by
using the natural log to normalize their distributions. With the
SUDAAN software, we used multiple linear regression models to
estimate the adjusted geometric means (least squares means) and
95% CIs for serum and RBC folate, serum vitamin B-12, homo-
cysteine, and MMA concentrations by folic acid–consumption
group. We stratified analyses by sex, race-ethnicity, age group,
and, within the 2 older age groups, by sex. Depending on the
stratification, we adjusted these analyses for age, sex, and race-
ethnicity. We used Wald’s F tests to examine the significance of
the trend across folic acid–consumption groups in the adjusted
least squares means of the natural log folate and vitamin B-12
biomarkers.
We estimated the unadjusted prevalence of folate deficiency,
low vitamin B-12 status, and marginally low folate and vitamin
B-12 status with SUDAAN software. We used multiple logistic
regression in the SUDAAN software to estimate the adjusted
prevalence (ie, predictive margins) and 95% CIs of marginally
low folate and vitamin B-12 status (32). We evaluated differences
in the percentages of folate deficiency, low vitamin B-12 status, and
marginally low folate and vitamin B-12 status in US children by
folic acid–consumption groups with the chi-square test.
We analyzed all data, except usual daily intakes for which we
used PC-SIDE software (version 1.02, 2003; Department of
Statistics, Iowa State University) as previously described, with
SUDAAN software to account for the complex sampling design
(33). We used 4-y combined, 2-d dietary sampling weights
(variable name WTDR2D/2) for all analyses. The use of the 2-d
dietary sampling weights in analyses accounted for the differ-
ential nonresponse (as indicated above) and noncoverage for
the subsample of participants with complete information on both
24-h dietary recalls (n = 7208; ie, 7178 + 30 children who were
breastfed), and, as with all sample weights, adjustments for
planned oversampling of certain population groups (34). This
resulted in slightly more conservative SEs than the use of either
day 1 weights or the MEC weights.
In our analyses, we evaluated multiple indicators of intake or
biomarkers for folate and vitamin B-12 across 4 folic acid–
consumption groups. In addition, we stratified analyses by di-
viding the population to examine consistency of the observed
associations across subgroups. We did not intend to test joint
hypotheses; thus, we did not correct for multiple comparisons
(35). We had a priori expectations about associations between the
consumption of folic acid from different sources and each in-
dicator of folate and vitamin B-12 status. We presented 95% CIs
around all estimates. Where possible, we presented the actual
P value for specific tests and used a trend test or overall chi-square
test to determine the significance across folic acid–consumption
groups (see above). For statistical differences between specific
folic acid–consumption groups in usual daily intakes of folate (eg,
natural food folate and folic acid), we made 6 comparisons be-
tween folic acid–consumption groups for each indicator. For these
comparisons, we indicated z tests with P , 0.01 and 0.01  P ,
0.05. We realized that some of the observed statistical differences
were due to chance.
RESULTS
Proportion of US children who consumed different sources
of folic acid
In US children aged 1–18 y, 32% consumed folic acid from
ECGP only; the remainder consumed folic acid from one or more
additional sources; 59% consumed folic acid from RTE, and 26%
consumed folic acid from supplements. When examined by folic
acid–consumption groups, 32%, 42%, 9%, and 16% of children
reported the consumption of folic acid from ECGP only, ECGP
+RTE, ECGP+SUP, and ECGP+RTE+SUP, respectively (Table
1). The proportion of US children in these 4 consumption groups
differed by race-ethnicity and age but not by sex overall or
within age groups. Compared with 30–31% of non-Hispanic
white and Mexican-American children, 40% of non-Hispanic
black children consumed folic acid from ECGP only. Compared
with 23% of children aged 1–3 y, 19%, 35%, and 48% of
children aged 4–8, 9–13, and 14–18 y, respectively, consumed
folic acid from ECGP only.
Usual daily intakes of natural food folate, folic acid, total
folate, and vitamin B-12
The median usual daily intake of natural food folate differed
little (,25 lg DFE) as the number of sources of folic acid in-
creased in children of all sex and race-ethnicity groups and in
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children aged 1–3 and 4–8 y, although some differences were
significant (P , 0.05) (Table 2). The usual daily intake of folic
acid and total folate increased as the number of sources of folic
acid increased in all sex, race-ethnicity, and age groups (Table
2). The usual daily intake of vitamin B-12 also increased as
the number of sources of folic acid increased for all sex, race-
ethnicity, and age groups (Table 2). Overall, in children aged
1–3, 4–8, 9–13, and 14–18 y, an estimated (6SE) 15.9 6 1.9%,
27.0 6 2.6%, 3.6 6 0.8%, and 0.9 6 0.2% of children, re-
spectively, exceeded their age-specific UL for folic acid. In
children of every age group who only consumed folic acid from
ECGP, virtually none of the children exceeded their age-specific
UL (0–0.1%). In children aged 1–3, 4–8, 9–13, and 14–18 y,
children who consumed all 3 sources of folic acid (ECGP+
RTE+SUP) had the highest percentages of exceeding their
UL (77.96 4.5%, 72.76 5.5%, 41.36 9.8%, and 14.76 6.5%,
respectively). The cumulative distributions of usual daily intakes
of folic acid in children who consumed 0, 1–200, and .200 lg
from supplements are shown in Figure 1, A–D, for the 4 age
groups, respectively. For children aged 1–3 and 4–8 y, ,5% of
nonsupplement users exceeded their age-specific UL (Figure 1,
A and B). In contrast, 99–100% of children who consumed
.200 lg folic acid/d exceeded their age-specific UL (Figure 1,
A and B). In children aged 9–13 and 14–18 y, ,0.2% of non-
supplement users exceeded their age-specific UL (Figure 1, C
and D). In contrast, 58% and 24% of children aged 9–13 and 14–
18 y, respectively, who consumed .200 lg folic acid/d from
supplements exceeded their age-specific UL.
Serum and RBC folate, serum vitamin B-12, homocysteine,
and MMA concentrations
Compared with the consumption of folic acid from ECGP only,
adjusted geometric mean serum and RBC folate concentrations
were generally higher as the number of sources of folic acid
increased in all sex, race-ethnicity, and age groups (P , 0.05 for
all comparisons) (Table 3). Compared with the consumption of
ECGP only, the adjusted geometric mean serum vitamin B-12
concentrations were progressively higher in children who re-
ported the consumption of ECGP+RTE, ECGP+SUP, and ECGP+
RTE+SUP (P , 0.02). Adjusted geometric mean homocysteine
concentrations did not decrease as the number of sources of folic
acid increased in all sex, race-ethnicity, and age groups except in
children aged 14–18 y (Table 4). In this age group, homocysteine
concentrations were significantly lower with increased folic acid
consumption. Geometric mean MMA concentrations did not
decrease as the number of sources of folic acid increased for any
sex, race-ethnicity, or age group of children except in male
children aged 14–18 y.
Prevalence of folate deficiency, low vitamin B-12 status, and
marginally low folate and vitamin B-12 status
The estimate of folate deficiency by using serum folate was
unstable because of the small number of children in this group
(n = 1). Less than 0.5% of children had folate deficiency by
using RBC folate (0.2%; 95% CI: 0.1%, 0.4%; n = 23), and
,0.5% of children had low vitamin B-12 status (0.2%; 95% CI:
TABLE 1
Proportion of US children aged 1–18 y by folic acid–consumption group and sociodemographic characteristics: National Health and Nutrition Examination
Survey (NHANES), 2003–20061
Characteristics
No. of
participants
Folic acid–consumption group
ECGP only ECGP+RTE ECGP+SUP ECGP+RTE+SUP
Total 7161 32.1 (29.9, 34.4)2 42.4 (39.9, 44.9) 9.1 (7.7, 10.8) 16.4 (14.3, 18.8)
Sex
Male 3559 31.9 (29.5, 34.3) 42.9 (39.3, 46.7) 8.3 (6.7, 10.1) 16.9 (14.3, 20.0)3
Female 3602 32.4 (29.5, 35.4) 41.7 (39.0, 44.5) 10.1 (7.9, 12.8) 15.9 (12.6, 19.8)
Race-ethnicity group
Non-Hispanic white 1987 29.8 (26.5, 33.4) 39.5 (36.0, 43.1) 10.9 (8.8, 13.5) 19.8 (16.8, 23.1)3
Non-Hispanic black 2258 39.5 (35.5, 43.6) 47.6 (43.5, 51.8) 5.2 (3.9, 6.9) 7.7 (6.0, 9.8)
Mexican American 2303 31.0 (27.7, 34.5) 49.3 (46.5, 52.2) 6.5 (5.1, 8.2) 13.2 (10.4, 16.6)
Age group
1–3 y 1322 22.5 (19.6, 25.8) 50.9 (47.3, 54.5) 8.5 (6.3, 11.2) 18.2 (15.4, 21.3)3
4–8 y 1531 19.1 (15.8, 22.9) 44.2 (38.9, 49.7) 8.9 (6.4, 12.3) 27.7 (23.3, 32.6)
9–13 y 1905 34.6 (30.6, 38.8) 43.3 (39.3, 47.4) 9.5 (7.1, 12.7) 12.6 (10.2, 15.5)
Male 933 35.7 (30.4, 41.3) 45.5 (38.7, 52.4) 6.6 (4.1, 10.4)4 12.3 (8.5, 17.4)5
Female 972 33.5 (28.7, 38.6) 40.9 (34.8, 47.2) 12.7 (8.6, 18.4) 13.0 (8.2, 19.8)
14–18 y 2403 47.5 (43.3, 51.7) 34.9 (31.9, 38.0) 9.3 (7.7, 11.1) 8.4 (5.8, 12.1)
Male 1214 48.0 (42.7, 53.3) 36.2 (31.7, 41.0) 9.3 (6.5, 13.2) 6.5 (4.5, 9.3)4,5
Female 1189 46.9 (41.3, 52.7) 33.5 (29.4, 37.8) 9.2 (7.0, 12.0) 10.4 (6.2, 17.0)
1 ECGP only, consumed enriched cereal-grain products only, excluding ready-to-eat cereals and supplements containing folic acid; ECGP+RTE,
consumed enriched cereal-grain products plus ready-to-eat cereals; ECGP+SUP, consumed enriched cereal-grain products (excluding ready-to-eat cereals)
plus supplements containing folic acid; ECGP+RTE+SUP, consumed enriched cereal-grain products, ready-to-eat cereals, and supplements containing folic
acid.
2 Weighted percentage; 95% CI in parentheses (all such values). Values take into account the complex sampling design.
3 Difference in distribution of sources of folic acid consumption by sex, P = 0.43 (chi-square test); differences by race-ethnicity and age, P , 0.005 (chi-
square test).
4 May not meet the standard of statistical reliability and presentation (df , 12 but relative SE , 30%).
5 Difference in distribution of sources of folic acid consumption by sex in children aged 9–13 and 14–18 y: P = 0.27 and P = 0.46, respectively (chi-
square test).
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TABLE 2
Usual daily intakes of natural food folate, folic acid, total folate, and vitamin B-12 by folic acid–consumption group and sociodemographic characteristics in
US children aged 1–18 y: National Health and Nutrition Examination Survey (NHANES), 2003–20061
Characteristic
Folic acid–consumption group
ECGP only ECGP+RTE ECGP+SUP ECGP+RTE+SUP Total
Sex
Male
Natural food folate intake (lg DFE/d) 155 (125–193)2 153 (128–184) 163 (136–194) 156 (132–186) 155 (128–189)
Folic acid intake (lg/d) 151 (119–189)e 289 (240–347)f 384 (273–508)g 526 (408–668)h 272 (186–393)
Total folate intake (lg DFE/d) 416 (338–507)e 639 (529–773)f 827 (636–1030)g 1060 (850–1307)h 626 (462–844)
Vitamin B-12 intake (lg/d) 4.5 (3.6–5.5)e 6.4 (5.5–7.4)f 8.7 (6.5–11.5)g 9.7 (7.6–12.4)g 6.4 (4.7–8.6)
n 1293 1588 249 429 3559
Female
Natural food folate intake (lg DFE/d) 130 (109–156)a 135 (114–160) 149 (127–172)b 144 (121–171) 136 (114–163)
Folic acid intake (lg/d) 125 (102–152)e 244 (203–292)f 311 (216–423)g 473 (379–583)h 231 (158–332)
Total folate intake (lg DFE/d) 346 (289–409)e 553 (467–654)f 683 (527–863)g 943 (777–1165)h 534 (397–717)
Vitamin B-12 intake (lg/d) 3.3 (2.7–4.1)3 5.0 (4.3–5.9)3 6.7 (4.8–9.4)3 8.8 (7.0–11.3)3 5.0 (3.7–6.9)
n 1340 1564 270 428 3602
Race-ethnicity group
Non-Hispanic white
Natural food folate intake (lg DFE/d) 143 (115–176) 145 (120–175) 154 (127–185) 149 (123–179) 146 (119–178)
Folic acid intake (lg/d) 143 (114–176)e 281 (236–336)f 354 (242–465)g 507 (403–632)h 270 (177–399)
Total folate intake (lg DFE/d) 389 (321–467)e 626 (532–735)f 755 (579–945)g 1013 (825–1241)h 611 (443–836)
Vitamin B-12 intake (lg/d) 4.1 (3.2–5.3)3 5.9 (5.1–6.8)3 7.6 (5.6–10.7)3 9.2 (7.2–12.0)3 6.0 (4.3–8.3)
n 631 793 214 349 1987
Non-Hispanic black
Natural food folate intake (lg DFE/d) 137 (112–168) 133 (114–154) 144 (122–169) 142 (123–164) 136 (113–162)
Folic acid intake (lg/d) 130 (105–160)e 269 (221–330)f 355 (271–458)g 518 (426–618)h 216 (153–310)
Total folate intake (lg DFE/d) 361 (298–434)e 591 (490–718)f 761 (593–944)g 1027 (866–1200)h 509 (386–681)
Vitamin B-12 intake (lg/d) 3.5 (2.8–4.2)e 5.3 (4.5–6.3)f 6.6 (5.0–8.7)g 9.1 (7.5–10.8)h 4.7 (3.5–6.3)
n 967 990 120 181 2258
Mexican American
Natural food folate intake (lg DFE/d) 158 (130–192) 155 (126–190) 153 (128–183) 176 (146–212) 159 (130–194)
Folic acid intake (lg/d) 117 (92–146)e 246 (205–293)f 328 (234–426)g 494 (371–632)h 224 (152–323)
Total folate intake (lg DFE/d) 361 (296–432)e 577 (489–680)f 718 (558–886)g 1021 (800–1273)h 545 (405–734)
Vitamin B-12 intake (lg/d) 3.7 (3.0–4.5)e 5.9 (5.0–7.0)f,a 7.0 (5.4–8.8)f,b 9.9 (7.9–12.2)g 5.6 (4.1–7.5)
n 823 1108 133 237 2303
Age group
1–3 y
Natural food folate intake (lg DFE/d) 119 (94–149) 114 (97–133)a 122 (104–143) 122 (104–145)b 118 (97–142)
Folic acid intake (lg/d) 81 (58–111)e 167 (142–197)f 271 (185–371)g 383 (310–461)h 176 (121–253)
Total folate intake (lg DFE/d) 264 (207–331)e 397 (340–464)f 585 (449–747)g 774 (652–913)h 425 (320–564)
Vitamin B-12 intake (lg/d) 3.8 (3.0–4.8)3 4.7 (3.9–5.5)3 6.4 (4.8–8.8)3 8.2 (6.8–9.6)3 5.1 (3.9–6.5)
n 354 700 84 184 1322
4–8 y
Natural food folate intake (lg DFE/d) 133 (111–158) 140 (118–167) 137 (122–154) 139 (119–162) 138 (116–164)
Folic acid intake (lg/d) 132 (112–153)e 266 (226–316)f 342 (258–427)g 496 (390–634)h 292 (204–412)
Total folate intake (lg DFE/d) 356 (307–411)e 598 (511–705)f 719 (584–860)g 999 (795–1247)h 642 (482–855)
Vitamin B-12 intake (lg/d) 3.7 (3.0–4.6)e 5.5 (4.8–6.5)f 7.2 (5.8–8.8)g 8.6 (6.8–11.2)h 6.1 (4.6–8.2)
n 312 751 126 342 1531
9–13 y
Natural food folate intake (lg DFE/d) 145 (123–170)a 154 (131–179) 166 (147–187) 172 (146–204)b 154 (131–182)
Folic acid intake (lg/d) 151 (128–176)e 284 (233–345)f 331 (225–454)f 560 (453–690)g 260 (185–359)
Total folate intake (lg DFE/d) 405 (349–467)e 638 (531–765)f,a 745 (567–957)f,b 1134 (937–1367)g 600 (462–781)
Vitamin B-12 intake (lg/d) 3.9 (3.2–4.6)e 5.7 (4.7–6.8)f 6.8 (4.5–9.5)f 10.1 (8.2–12.4)g 5.6 (4.2–7.3)
n 716 852 144 193 1905
Male
Natural food folate intake (lg DFE/d) 158 (135–186) 156 (131–186) 155 (133–182) 169 (142–201) 158 (133–190)
Folic acid intake (lg/d) 162 (140–185)e 306 (256–365)f 353 (279–444)f 569 (469–699)g 271 (195–376)
Total folate intake (lg DFE/d) 440 (391–492)e 681 (574–809)f 763 (629–921)f 1154 (956–1402)g 629 (484–821)
Vitamin B-12 intake (lg/d) 4.0 (3.4–4.8)e 6.1 (5.2–7.3)f 7.0 (5.1–9.0)f 10.7 (8.4–13.5)g 5.8 (4.4–7.7)
n 345 422 61 105 933
(Continued)
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0.1%, 0.5%; n = 17). In addition, too few children (n = 3) had
serum folate concentrations ,3 ng/mL to evaluate marginally
low folate status with serum folate. The overall prevalence of
marginally low RBC folate status was 2.2% (95% CI: 1.7%,
2.9%; n = 219) and the prevalence of marginally low vitamin
B-12 status was 7.1% (95% CI: 6.0%, 8.4%; n = 438). The
adjusted prevalence of marginally low RBC folate status de-
creased with the increased number of sources of folic acid (P ,
0.0001, chi-square test). The prevalence of marginally low RBC
folate status adjusted for age, sex, and race-ethnicity was 3.4%
(95% CI: 2.3%, 4.6%), 1.7% (95% CI: 1.1%, 2.3%), 0.5% (95%
CI: 0.1%, 0.9%), and 0.1% (95% CI: 0%, 0.3%) in children aged
1–18 y who consumed ECGP only, ECGP+RTE, ECGP+SUP,
and ECGP+RTE+SUP, respectively. The prevalence of margin-
ally low vitamin B-12 status also decreased with the increased
number of sources of folic acid (P , 0.0001). The prevalence of
marginally low vitamin B-12 status adjusted for age, sex, and
race-ethnicity was 9.6% (95% CI: 7.9%, 11.4%), 6.6% (95% CI:
4.7%, 8.4%), 4.0% (95% CI: 1.7%, 6.3%), and 2.9% (95% CI:
1.0%, 4.9%) in children aged 1–18 y who consumed ECGP only,
ECGP+RTE, ECGP+SUP, and ECGP+RTE+SUP, respectively.
DISCUSSION
Almost 70% of US children consumedmore than one source of
folic acid in 2003–2006, but consumption varied by age group.
Children aged 4–8 y were most likely to consume folic acid from
RTE and SUP. In every age group of children, we observed an
increase in usual daily intakes of folic acid, total folate in DFE,
and vitamin B-12 as the number of sources of folic acid increased.
In the 2 youngest age groups, the usual daily intakes of natural
food folate varied little in the 4 folic acid–consumption groups. In
every age group, virtually no children exceeded their age-specific
UL if the only source of folic acid intake was ECGP, which is
TABLE 2 (Continued )
Characteristic
Folic acid–consumption group
ECGP only ECGP+RTE ECGP+SUP ECGP+RTE+SUP Total
Female
Natural food folate intake (lg DFE/d) 130 (111–153)a,4 149 (132–170)b 172 (146–197)b 177 (157–200)b,4 150 (129–174)
Folic acid intake (lg/d) 137 (114–162)e 254 (206–310)f 308 (216–419)f 568 (483–648)g 246 (178–335)
Total folate intake (lg DFE/d) 362 (303–431)e 578 (484–687)f,a 725 (564–920)f,b 1127 (974–1294)g 572 (442–735)
Vitamin B-12 intake (lg/d) 3.6 (2.8–4.4)e 5.2 (4.3–6.1)f 6.4 (3.9–9.3)g 9.7 (8.1–11.4)h 5.3 (3.9–7.0)
n 371 430 83 88 972
14–18 y
Natural food folate intake (lg DFE/d) 153 (123–191)a 169 (139–204)b 180 (146–220)b 196 (160–237)b 164 (133–203)
Folic acid intake (lg/d) 151 (122–185)e 344 (286–413)f,a 408 (291–532)f,b 583 (465–717)g 258 (179–365)
Total folate intake (lg DFE/d) 412 (336–501)e 756 (637–897)f,a 877 (686–1086)f,b 1194 (976–1439)g 606 (451–809)
Vitamin B-12 intake (lg/d) 4.0 (3.2–5.0)e 6.8 (5.8–8.1)f 9.5 (6.7–14.9)g 12.2 (9.1–17.4)g 5.9 (4.2–8.5)
n 1251 849 165 138 2403
Male
Natural food folate intake (lg DFE/d) 174 (136–221)a 190 (156–233) 212 (174–255) 267 (229–314)b 189 (150–238)
Folic acid intake (lg/d) 176 (137–221)e 383 (318–460)f,a 462 (346–618)f,b 784 (627–935)g 296 (205–412)
Total folate intake (lg DFE/d) 474 (377–593)5 843 (713–999)5 1015 (828–1266)5 1553 (1336–1788)5 692 (511–930)
Vitamin B-12 intake (lg/d) 5.4 (4.3–6.8)e 8.4 (7.2–9.9)f 12.1 (8.7–18.6)g 15.5 (12.3–19.4)g 7.5 (5.4–10.5)
n 610 462 82 60 1214
Female
Natural food folate intake (lg DFE/d) 132 (110–159)a 145 (123–172) 147 (118–180) 158 (132–189)b 141 (117–170)
Folic acid intake (lg/d) 126 (105–152)e 302 (252–360)f 330 (242–431)f 498 (401–604)g 222 (155–319)
Total folate intake (lg DFE/d) 350 (294–413)e 666 (561–783)f 717 (588–865)f 995 (816–1203)g 523 (393–706)
Vitamin B-12 intake (lg/d) 2.8 (2.4–3.4)6 5.3 (4.5–6.4)6 7.7 (5.7–10.9)6 11.0 (7.8–17.2)6 4.6 (3.2–6.7)
n 641 387 83 78 1189
1 ECGP only, consumed enriched cereal-grain products only, excluding ready-to-eat cereals and supplements containing folic acid; ECGP+RTE,
consumed enriched cereal-grain products plus ready-to-eat cereals; ECGP+SUP, consumed enriched cereal-grain products (excluding ready-to-eat cereals)
plus supplements containing folic acid; ECGP+RTE+SUP, consumed enriched cereal-grain products, ready-to-eat cereals, and supplements containing folic
acid; DFE, dietary folate equivalent. Total folate was defined as micrograms of natural food folate intake plus (1.7 · micrograms of folic acid intake). n values
were unweighted. Values in a subgroup with different superscript letters (a, b, c, or d) were significantly different, 0.01  P , 0.05 (z test); values in
a subgroup with different superscript letters (e, f, g, or h) were significantly different, P , 0.01 (z test).
2 Median; interquartile range (25th–75th percentiles) in parentheses (all such values). Values were estimated with PC-SIDE (version 1.02, 2003;
Department of Statistics, Iowa State University, Ames, IA) with jackknife replicate weights and were adjusted for age, sex, race-ethnicity, day of the week,
and interview method.
3 ECGP and ECGP+RTE; ECGP and ECGP+RTE+SUP; and ECGP+RTE and ECGP+RTE+SUP were significantly different, P , 0.05 (z test); all other
comparisons were not significantly different.
4 ECGP and ECGP+RTE+SUP were significantly different, P , 0.01.
5 ECGP+RTE and ECGP+SUP were significantly different, 0.01  P , 0.05; ECGP+SUP and ECGP+RTE+SUP were significantly different, 0.01 
P , 0.05; all other comparisons were significantly different, P , 0.01.
6 ECGP+SUP and ECGP+RTE+SUP were not significantly different; ECGP+RTE and ECGP+RTE+SUP were significantly different, 0.01  P , 0.05;
all other comparisons were significantly different, P , 0.01.
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a finding that is consistent with that observed in adults (36).
Within each age group, children who consumed all 3 sources of
folic acid had the highest percentages of exceeding their UL. In
contrast to our study, a recent evaluation of folic acid intake of US
children (aged 1–13 y) did not differentiate the contribution of
folic acid from ECGP from that provided by RTE, which is the
major dietary source of folic acid (14).
We know of no previous studies in which the individual
contribution of RTE to usual intake of folic acid in children was
assessed. The widespread consumption of RTE in our study is
similar to that reported in a smaller-scale study (37). Three
studies reported the prevalence of overall vitamin and mineral
supplement use in children from NHANES (9, 10, 14). They
showed that .30% of children in the US reported taking daily
vitamin and mineral supplements (9, 10, 14). Our findings of the
proportion of children who consumed SUP differed little from
that of Bailey et al (14). Similar to others, we showed that the
highest proportion of supplement use was in children aged 4–8 y
(9, 14). The rank order of frequency of supplement use by race-
ethnicity (ie, non-Hispanic whites/Mexican Americans/
non-Hispanic blacks) was the same for children as previously
reported, which possibly indicated that supplement use in
young children might be a reflection of parental use or related
socioeconomic or cultural influences (9, 10, 36, 38).
FIGURE 1. A: Cumulative distribution of usual intake of folic acid for US children aged 1–3 y. Among the children who consumed no supplements
containing folic acid (  ) (n = 1054), 2.6% (95% CI: 1.4%, 3.8%) exceeded the tolerable upper intake level (UL); among the children who consumed an
average of 1–200 lg folic acid/d from supplements (–  –) (n = 153), 22.6% (95% CI: 13.6%, 31.6%) exceeded the UL; among the children who consumed an
average of 201–400 lg folic acid/d from supplements (– – –) (n = 115), 100% (95% CI: 100%, 100%) exceeded the UL. B: Cumulative distribution of usual
intake of folic acid for US children aged 4–8 y. Among the children who consumed no supplements containing folic acid (  ) (n = 1063), 4.6% (95% CI:
1.2%, 7.9%) exceeded the tolerable upper intake level (UL); among the children who consumed an average of 1–200 lg folic acid/d from supplements (–  –)
(n = 231), 22.9% (95% CI: 7.2%, 38.7%) exceeded the UL; among the children who consumed an average of 201–400 lg folic acid/d from supplements (– – –)
(n = 237), 98.7% (95% CI: 97.2%, 100%) exceeded the UL. C: Cumulative distribution of usual intake of folic acid for US children aged 9–13 y. Among the
children who consumed no supplements containing folic acid (  ) (n = 1568), 0.2% (95% CI: 0%, 0.4%) exceeded the tolerable upper intake level (UL); among
the children who consumed an average of 1–200 lg folic acid/d from supplements (–  –) (n = 174), 5.2% (95% CI: 0%, 10.8%) exceeded the UL; among the
children who consumed an average of 201–400 lg folic acid/d from supplements (– – –) (n = 163), 57.6% (95% CI: 39.4%, 75.7%) exceeded the UL. D:
Cumulative distribution of usual intake of folic acid for US children aged 14–18 y. Among the children who consumed no supplements containing folic acid (  )
(n = 2100), 0% (95% CI: 0%, 0.2%) exceeded the tolerable upper intake level (UL); among the children who consumed an average of 1–200 lg folic acid/d from
supplements (–  –) (n = 137), 0% (95% CI: 0%, 0%) exceeded the UL; among the children who consumed an average of 201–400 lg folic acid/d from
supplements (– – –) (n = 166), 24.0% (95% CI: 10.5%, 37.5%) exceeded the UL.
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TABLE 3
Serum folate, red blood cell (RBC) folate, and vitamin B-12 concentrations by folic acid–consumption group and sociodemographic characteristics in US
children aged 1–18 y: National Health and Nutrition Examination Survey (NHANES), 2003–20061
Characteristic and folic
acid–consumption group No. of participants2 Serum folate RBC folate
Serum vitamin
B-12
ng/mL ng/mL pg/mL
Sex
Male
ECGP only 1101 11.8 (11.3, 12.3)3 233 (225, 242) 582 (562, 603)
ECGP+RTE 1289 14.3 (13.7, 14.9) 261 (254, 268) 630 (610, 651)
ECGP+SUP 218 15.0 (13.8, 16.3) 265 (251, 280) 648 (613, 685)
ECGP+RTE+SUP 338 17.1 (15.7, 18.6) 276 (265, 288) 737 (694, 781)
Total 2946 — — —
P — ,0.001 ,0.001 ,0.001
Female
ECGP only 1129 12.2 (11.6, 12.7) 233 (224, 241) 588 (566, 611)
ECGP+RTE 1258 14.0 (13.6, 14.3) 247 (239, 255) 651 (626, 678)
ECGP+SUP 218 14.5 (13.4, 15.7) 254 (238, 271) 652 (605, 702)
ECGP+RTE+SUP 344 17.4 (16.4, 18.5) 278 (266, 291) 721 (688, 756)
Total 2949 — — —
P — ,0.001 ,0.001 ,0.001
Race-ethnicity group
Non-Hispanic white
ECGP only 521 12.1 (11.5, 12.7) 238 (230, 247) 563 (542, 584)
ECGP+RTE 612 14.6 (13.9, 15.2) 264 (256, 271) 608 (583, 635)
ECGP+SUP 177 15.3 (14.4, 16.4) 272 (257, 289) 618 (588, 649)
ECGP+RTE+SUP 276 17.6 (16.4, 18.8) 289 (276, 302) 695 (670, 720)
Total 1586 — — —
P — ,0.001 ,0.001 ,0.001
Non-Hispanic black
ECGP only 830 11.2 (10.9, 11.6) 202 (197, 207) 652 (628, 676)
ECGP+RTE 814 13.2 (12.6, 13.8) 221 (213, 228) 740 (711, 771)
ECGP+SUP 105 14.1 (12.7, 15.6) 224 (211, 237) 756 (686, 832)
ECGP+RTE+SUP 143 16.0 (14.7, 17.6) 237 (224, 251) 764 (674, 866)
Total 1892 — — —
P — ,0.001 ,0.001 0.016
Mexican American
ECGP only 707 11.9 (11.5, 12.3) 239 (231, 247) 610 (588, 632)
ECGP+RTE 918 13.5 (12.9, 14.0) 253 (243, 264) 685 (657, 715)
ECGP+SUP 112 13.7 (12.3, 15.3) 249 (233, 266) 661 (602, 726)
ECGP+RTE+SUP 194 16.9 (15.1, 18.9) 271 (252, 291) 797 (732, 869)
Total 1931 — — —
P — ,0.001 ,0.010 ,0.001
Age group
1–3 y
ECGP only 212 13.0 (11.9, 14.3) 249 (238, 261) 757 (691, 831)
ECGP+RTE 440 14.7 (13.9, 15.5) 266 (255, 277) 788 (736, 843)
ECGP+SUP 57 18.5 (15.9, 21.6) 267 (244, 291) 823 (692, 980)
ECGP+RTE+SUP 121 20.0 (17.5, 22.9) 294 (275, 314) 906 (849, 968)
Total 830 — — —
P — ,0.001 ,0.001 0.001
4–8 y
ECGP only 247 15.9 (14.9, 16.9) 265 (252, 279) 708 (671, 746)
ECGP+RTE 584 15.6 (14.7, 16.5) 267 (257, 277) 770 (735, 808)
ECGP+SUP 98 15.6 (14.0, 17.3) 267 (246, 289) 706 (641, 777)
ECGP+RTE+SUP 261 19.6 (17.5, 21.9) 292 (279, 305) 887 (832, 946)
Total 1190 — — —
P — 0.006 0.031 0.001
9–13 y
ECGP only 636 12.4 (11.9, 12.9) 233 (224, 243) 566 (545, 589)
ECGP+RTE 752 15.2 (14.6, 15.9) 258 (251, 266) 628 (599, 659)
ECGP+SUP 129 15.5 (14.2, 16.8) 264 (245, 285) 657 (613, 704)
ECGP+RTE+SUP 173 18.8 (16.7, 21.2) 276 (265, 289) 713 (664, 765)
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180 YEUNG ET AL
 at IO
W
A STATE UNIVERSITY on Novem
ber 18, 2015
ajcn.nutrition.org
D
ow
nloaded from
 
Between 1988–1994 and 1999–2004, the mean serum folate
concentration for the US population more than doubled; in 2003–
2004, children aged 4–11 y had similar serum folate concen-
trations as those of adults aged 60 y (22). Similar to previous
findings in adults (36), which showed that incremental increases
in blood folate and serum vitamin B-12 concentrations reflected
the addition of different sources of folic acid to the background
intake from ECGP, our data indicated that, with an increased
number of sources of folic acid, blood folate concentrations
increased but homocysteine and MMA concentrations did not
decrease (except in children aged 14–18 y for homocysteine and
in male children aged 14–18 y for MMA). One potential ex-
planation for these findings is a threshold effect of folate intake
on homocysteine and MMA with folate and vitamin B-12 suf-
ficiency in US children aged 1–13 y. The average serum folate
concentration was 11 ng/mL and the average serum vitamin
B-12 concentration was 550 pg/mL, except in children aged
14–18 y.
Strengths of our study include the use of a large, nationally
representative sample of US children, oversampling of population
TABLE 3 (Continued )
Characteristic and folic
acid–consumption group No. of participants2 Serum folate RBC folate
Serum vitamin
B-12
ng/mL ng/mL pg/mL
Total 1690 — — —
P — ,0.001 ,0.001 ,0.001
Male
ECGP only 307 12.5 (11.9, 13.1) 234 (221, 247) 552 (518, 587)
ECGP+RTE 365 15.7 (14.6, 16.9) 266 (255, 278) 609 (573, 647)
ECGP+SUP 57 15.3 (14.1, 16.6) 278 (251, 309) 684 (614, 762)
ECGP+RTE+SUP 95 18.0 (15.3, 21.1) 280 (261, 300) 702 (624, 789)
Total 824 — — —
P — ,0.001 ,0.001 ,0.001
Female
ECGP only 329 12.3 (11.7, 13.0) 233 (223, 243) 583 (548, 620)
ECGP+RTE 387 14.7 (13.7, 15.8) 249 (235, 264) 652 (607, 700)
ECGP+SUP 72 15.6 (13.6, 17.8) 254 (232, 278) 642 (591, 698)
ECGP+RTE+SUP 78 19.7 (17.1, 22.7) 272 (254, 291) 724 (664, 790)
Total 866 — — —
P — ,0.001 ,0.001 ,0.001
14–18 y
ECGP only 1135 9.5 (9.2, 9.7) 211 (202, 221) 471 (457, 485)
ECGP+RTE 771 12.1 (11.6, 12.6) 239 (232, 247) 523 (503, 543)
ECGP+SUP 152 12.2 (10.9, 13.6) 247 (232, 263) 537 (507, 569)
ECGP+RTE+SUP 127 13.2 (11.7, 14.9) 263 (245, 283) 564 (529, 601)
Total 2185 — — —
P — ,0.001 ,0.001 ,0.001
Male
ECGP only 563 9.3 (8.9, 9.7) 209 (200, 218) 478 (454, 502)
ECGP+RTE 426 12.4 (11.7, 13.2) 247 (237, 257) 527 (506, 548)
ECGP+SUP 77 12.0 (10.5, 13.8) 245 (227, 263) 526 (483, 572)
ECGP+RTE+SUP 54 13.6 (11.5, 16.0) 266 (235, 301) 611 (522, 715)
Total 1120 — — —
P — 0.001 0.003 0.009
Female
ECGP only 572 9.7 (9.2, 10.2) 213 (197, 230) 463 (447, 480)
ECGP+RTE 345 11.7 (11.1, 12.5) 230 (217, 243) 517 (477, 561)
ECGP+SUP 75 12.4 (10.7, 14.3) 251 (226, 278) 551 (502, 604)
ECGP+RTE+SUP 73 13.0 (11.3, 14.9) 262 (238, 287) 535 (481, 594)
Total 1065 — — —
P — ,0.001 ,0.001 0.013
1 ECGP only, consumed enriched cereal-grain products only, excluding ready-to-eat cereals and supplements containing folic acid; ECGP+RTE,
consumed enriched cereal-grain products plus ready-to-eat cereals; ECGP+SUP, consumed enriched cereal-grain products (excluding ready-to-eat cereals)
plus supplements containing folic acid; ECGP+RTE+SUP, consumed enriched cereal-grain products, ready-to-eat cereals, and supplements containing folic
acid. P values are for testing differences in the trend of adjusted biomarker concentrations (least squares means) across different folic acid–consumption
groups on the basis of Wald’s F test.
2 Unweighted number of participants with blood folate and serum vitamin B-12 concentrations in the NHANES 2003–2006. Each model included all
individuals in the specified subgroup (eg, n = 2946 for male children) and had 30 denominator df.
3 Adjusted geometric mean; 95% CI in parentheses (all such values). Values were estimated from multiple linear regression models of the natural log of
the specified biomarker adjusted for sociodemographic characteristics (age, sex, and race-ethnicity) other than the subgroup indicated (eg, estimates in male
children were adjusted for age and race-ethnicity). Multiple linear regression models included all individuals within the specified subgroup, were weighted,
and took into account the complex sampling design.
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TABLE 4
Serum homocysteine and methylmalonic acid concentrations by folic acid–consumption group and sociodemographic characteristics in US children aged
4–18 y: National Health and Nutrition Examination Survey (NHANES), 2003–20041
Characteristic and folic acid–consumption group No. of participants2 Homocysteine Methylmalonic acid
lmol/L lmol/L
Sex
Male
ECGP only 484 5.9 (5.6, 6.1)3 0.125 (0.116, 0.135)
ECGP+RTE 538 5.3 (5.1, 5.6) 0.121 (0.111, 0.132)
ECGP+SUP 87 5.5 (5.1, 6.0) 0.127 (0.115, 0.141)
ECGP+RTE+SUP 121 5.6 (5.0, 6.2) 0.122 (0.108, 0.138)
Total 1230 — —
P — 0.448 0.947
Female
ECGP only 518 5.4 (5.1, 5.6) 0.119 (0.113, 0.126)
ECGP+RTE 466 5.1 (5.0, 5.2) 0.119 (0.112, 0.128)
ECGP+SUP 89 5.4 (5.1, 5.7) 0.106 (0.095, 0.118)
ECGP+RTE+SUP 133 5.0 (4.9, 5.2) 0.115 (0.107, 0.122)
Total 1206 — —
P — 0.112 0.072
Race-ethnicity group
Non-Hispanic white
ECGP only 243 5.8 (5.5, 6.0) 0.131 (0.122, 0.140)
ECGP+RTE 228 5.3 (5.0, 5.6) 0.135 (0.123, 0.148)
ECGP+SUP 77 5.6 (5.2, 5.9) 0.123 (0.110, 0.137)
ECGP+RTE+SUP 102 5.4 (5.0, 5.9) 0.127 (0.116, 0.139)
Total 650 — —
P — 0.356 0.332
Non-Hispanic black
ECGP only 376 5.4 (5.2, 5.6) 0.099 (0.092, 0.107)
ECGP+RTE 360 5.1 (4.9, 5.3) 0.096 (0.092, 0.101)
ECGP+SUP 46 5.3 (4.7, 5.9) 0.118 (0.102, 0.137)
ECGP+RTE+SUP 59 5.3 (5.0, 5.6) 0.096 (0.083, 0.111)
Total 841 — —
P — 0.874 0.621
Mexican American
ECGP only 308 5.2 (4.9, 5.5) 0.106 (0.096, 0.118)
ECGP+RTE 343 5.0 (4.9, 5.1) 0.101 (0.093, 0.108)
ECGP+SUP 43 5.1 (4.6, 5.7) 0.107 (0.093, 0.123)
ECGP+RTE+SUP 69 4.9 (4.6, 5.3) 0.118 (0.094, 0.149)
Total 763 — —
P — 0.411 0.345
Age group
4–8 y
ECGP only 126 4.6 (4.4, 4.9) 0.128 (0.111, 0.148)
ECGP+RTE 272 4.5 (4.2, 4.7) 0.120 (0.111, 0.130)
ECGP+SUP 46 4.9 (4.5, 5.4) 0.119 (0.098, 0.144)
ECGP+RTE+SUP 116 4.4 (4.1, 4.8) 0.124 (0.111, 0.138)
Total 560 — —
P — 0.741 0.580
9–13 y
ECGP only 309 5.3 (5.0, 5.5) 0.119 (0.111, 0.128)
ECGP+RTE 371 4.9 (4.8, 5.1) 0.116 (0.106, 0.126)
ECGP+SUP 59 5.2 (4.7, 5.7) 0.120 (0.107, 0.136)
ECGP+RTE+SUP 68 5.2 (4.8, 5.6) 0.121 (0.106, 0.137)
Total 807 — —
P — 0.877 0.703
Male
ECGP only 137 5.5 (5.2, 5.8) 0.120 (0.108, 0.134)
ECGP+RTE 190 5.1 (4.8, 5.4) 0.118 (0.107, 0.130)
ECGP+SUP 23 5.1 (4.4, 5.7) 0.131 (0.115, 0.149)
ECGP+RTE+SUP 35 5.4 (4.7, 6.3) 0.121 (0.101, 0.145)
Total 385 — —
P — 0.887 0.709
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subgroups by age and race-ethnicity, adjustment for potential
confounders, use of folate and serum vitamin B-12 concentrations
to evaluate dose responses across groups, and application of an
established statistical method by using two 24-h dietary recalls in
the majority of the sample to estimate usual daily intakes of folic
acid and vitamin B-12.
Potential limitations of the study include the inability to ex-
amine temporal associations because of the cross-sectional de-
sign of the survey. Dietary data were self-reported (individually
or by proxy) and collected at the time of the medical examination
or shortly thereafter; supplement data were collected over the
30 d before the survey, which required that we combine intake
data obtained from 2 different instruments. The 24-h dietary
recall underestimates caloric intake by ’11% (39), but this does
not indicate that micronutrient intake is also underestimated by
the same amount. Actual folic acid and vitamin B-12 in foods
may be higher or lower than that estimated in the nutrient da-
tabase. Average nutrient intakes from supplements do not reflect
irregular patterns of intake for some individuals, and therefore,
the within-person variability in usual daily intakes of folic acid
from supplements may be underestimated. The dosages of folic
acid and vitamin B-12 from supplement labels may also be
underestimated (40). A nonresponse bias may result in an over-
or underestimation of the usual daily intakes of folic acid and
vitamin B-12 in US children; however, estimates of dietary in-
takes are weighted to account for nonresponse, reducing the
possibility of bias. To help account for differences in population
demographics in those with and without serum biomarkers, we
stratified the analysis of the association between sources of folic
acid consumption and biomarkers by age or sex or adjusted for
these variables. It should be noted that the biomarker cutoffs
routinely used to define folate and vitamin B-12 status in chil-
dren were determined in adults and should be interpreted with
this in mind.
Folate deficiency and low vitamin B-12 status were rare, and
marginally low folate and vitamin B-12 status were uncommon,
especially as the number of sources of folic acid increased.
Although no known reports exist of potentially harmful effects of
TABLE 4 (Continued )
Characteristic and folic acid–consumption group No. of participants2 Homocysteine Methylmalonic acid
lmol/L lmol/L
Female
ECGP only 172 5.0 (4.7, 5.3) 0.118 (0.106, 0.132)
ECGP+RTE 181 4.8 (4.6, 5.1) 0.113 (0.102, 0.126)
ECGP+SUP 36 5.2 (4.6, 5.8) 0.113 (0.097, 0.131)
ECGP+RTE+SUP 33 4.9 (4.5, 5.3) 0.121 (0.110, 0.133)
Total 422 — —
P — 0.808 0.767
14–18 y
ECGP only 567 7.0 (6.8, 7.3) 0.121 (0.112, 0.130)
ECGP+RTE 361 6.3 (6.1, 6.5) 0.128 (0.116, 0.142)
ECGP+SUP 71 6.3 (5.8, 6.7) 0.110 (0.093, 0.131)
ECGP+RTE+SUP 70 6.0 (5.5, 6.5) 0.110 (0.101, 0.119)
Total 1069 — —
P — 0.004 0.113
Male
ECGP only 289 7.5 (7.3, 7.8) 0.127 (0.117, 0.137)
ECGP+RTE 208 6.7 (6.3, 7.1) 0.127 (0.111, 0.145)
ECGP+SUP 41 6.4 (5.8, 7.1) 0.123 (0.103, 0.147)
ECGP+RTE+SUP 32 6.3 (5.4, 7.3) 0.106 (0.100, 0.112)
Total 570 — —
P — 0.021 0.004
Female
ECGP only 278 6.5 (6.1, 7.0) 0.115 (0.105, 0.126)
ECGP+RTE 153 5.8 (5.7, 6.0) 0.130 (0.112, 0.150)
ECGP+SUP 30 6.1 (5.7, 6.6) 0.096 (0.075, 0.123)
ECGP+RTE+SUP 38 5.7 (5.3, 6.1) 0.112 (0.098, 0.128)
Total 499 — —
P — 0.046 0.313
1 ECGP only, consumed enriched cereal-grain products only, excluding ready-to-eat cereals and supplements containing folic acid; ECGP+RTE,
consumed enriched cereal-grain products plus ready-to-eat cereals; ECGP+SUP, consumed enriched cereal-grain products (excluding ready-to-eat cereals)
plus supplements containing folic acid; ECGP+RTE+SUP, consumed enriched cereal-grain products, ready-to-eat cereals, and supplements containing folic
acid. P values are for testing differences in the trend of adjusted biomarker concentrations (least squares means) across different folic acid–consumption
groups on the basis of Wald’s F test.
2 Unweighted number of participants with methylmalonic acid measurements in the NHANES 2003–2004. Each model included all individuals in the
specified subgroup (eg, n = 1230 for male children) and had 15 denominator df.
3 Adjusted geometric mean; 95% CI in parentheses (all such values). Values were estimated from multiple linear regression models of the natural log of
the specified biomarker adjusted for sociodemographic characteristics (age, sex, and race-ethnicity) other than the subgroup indicated (eg, estimates in male
children were adjusted for age and race-ethnicity). Multiple linear regression models included all individuals within the specified subgroup, were weighted,
and took into account the complex sampling design.
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folic acid in children, children’s ULs were created by the IOM
staff by extrapolating (on the basis of body weight) from the adult
UL established by the Dietary Reference Intakes committee (3).
Because the ULs for children were not based on evidence of harm
in children, it is unclear what interpretations can be made when
children exceed their age-specific UL. Given that the UL for folic
acid in adults is based on adults with vitamin B-12 deficiency (3),
the absence of vitamin B-12 deficiency in children in this study
should raise questions about the value of an UL in children in
relation to sequelae from vitamin B-12 deficiency. Other authors
have also raised questions about the validity of children’s ULs
(4). In contrast to the United States, other countries (eg, the
United Kingdom) have not set ULs for children because “there
are no data to suggest that high intakes of folic acid have any
adverse effects on children” (41, 42).
Our findings indicate that, at current folic acid flour fortifi-
cation levels, US children who consume ECGP only are unlikely
to exceed their age-specific UL for folic acid. The majority of US
children consumed more than one source of folic acid, and folic
acid intake and blood folate concentrations in children increased
with the consumption of more sources of folic acid. The con-
sumption of RTE or SUP is associated with higher intakes of folic
acid and vitamin B-12 as well as higher blood concentrations.
Adequate folate is essential for child growth and development of
the central nervous system (43). However, both the American
Academy of Pediatrics and the American Dietetic Association do
not recommend that healthy children routinely consume SUP (44,
45). Our data suggest that, if fewer children consumed RTE or
supplements, or if supplements that are consumed by children
contained less folic acid, the number of children with intakes that
more than double their requirements might decrease. If there are
concerns about higher intakes of folic acid in US children, al-
lowable levels of folic acid in RTE and SUP may require further
examination.
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